In Brief Katayama et al. show a novel negative feedback loop regulating a bHLH complex LHW-T5L1 in the Arabidopsis root apical meristem. LHW-T5L1 is a key regulator of xylem differentiation and vascular cell proliferation. This negative feedback mechanism contributes to coordinate vascular cell division and differentiation in the root apical meristem.
RESULTS AND DISCUSSION
Heterodimers between LONESOME HIGHWAY (LHW) and TARGET OF MONOPTEROS 5 (TMO5) or TMO5-LIKE1 (T5L1) (LHW-TMO5/T5L1) control the periclinal divisions of vascular cells through active cytokinin production in the root apical meristem (RAM) [3] [4] [5] . Indeed, excessive periclinal cell divisions occur in plants simultaneously overexpressing LHW and TMO5 or T5L1 [3, 4] . Since these heterodimers are active in xylem precursor cells [3] [4] [5] , we expected that LHW-TMO5/T5L1 would function not only in vascular cell division, but also in xylem development.
To elucidate the role of LHW-TMO5/T5L1 in xylem development, we carefully observed the phenotypes of LHW-and T5L1-overexpressing plants, finding that ectopic tracheary element (TE) differentiation occurred in LHW-T5L1-overexpressing roots and cotyledons ( Figures 1A and 1C-1F ), in addition to ectopic cell divisions ( Figure 1B ). Ectopic TE differentiation was observed in various types of root cells, including root hair cells; in these cells, TE differentiation occurred while the cells maintained their shape ( Figures 1D and 1E ). These results suggest that LHW-T5L1 regulates both xylem differentiation and cell division. Our previous microarray analysis indicated that ACAULIS5 (ACL5), which encodes a thermospermine synthase, is induced by the simultaneous overexpression of LHW and T5L1 (Table S1 ) [3, 7] . Excessive xylem differentiation occurs in the acl5 loss-of-function mutant, and addition of thermospermine suppresses xylem differentiation in seedlings [8] [9] [10] [11] [12] [13] , suggesting that ACL5 is most likely involved in regulating xylem differentiation downstream of LHW-T5L1.
To confirm that LHW-T5L1 regulates ACL5, we examined the expression levels of ACL5 in roots of the lhw mutant and the tmo5 t5l1 double mutant using qRT-PCR. ACL5 expression levels were reduced by more than 90% in both lhw and tmo5 t5l1 roots (Figure 2A ). To further confirm that LHW-T5L1 regulates ACL5, we measured GUS activity in Nicotiana benthamiana leaves, in which pACL5::GUS had been co-infiltrated with LHW, LHW-TMO5, or LHW-T5L1 as an effector. Whereas LHW alone weakly induced ACL5 promoter activity, LHW-TMO5 and LHW-T5L1 strongly induced promoter activity (Figure 2B) . Next, to examine the regulation of ACL5 expression in situ, we produced transgenic plants harboring the ACL5 promoter fused to YFP with a nuclear localization signal (pACL5::YFP-nls). In wild-type plants, YFP signals were detected in vascular cells in roots, cotyledons, and rosette leaves ( Figures 2C-2E and S1A) [9, 10, 13] . In the RAM, the signals appeared immediately above quiescent cells, and strong signals were observed in xylem precursor cells ( Figures 2D and S1C-S1F ). The signals disappeared in the elongation region and appeared again in the differentiation region of the root ( Figures  S1C-S1E ). In the lhw mutant, whereas YFP signals were similarly detected in rosette leaves and in the root differentiation region (Figures 2F and S1B), they were quite weak in the cotyledons and absent in the RAM (Figures 2G and 2H) . The area in which ACL5 signals disappeared in lhw coincided well with the area in which LHW-T5L1 functions [1, 3, 4] . These results suggest that LHW-T5L1 upregulates ACL5 expression in vascular cells in the RAM and cotyledons. When LHW and T5L1 were co-overexpressed in the plants, pACL5::YFP-nls signals expanded, also appearing in cell files other than the vasculature, and the signal intensity increased ( Figures 2I and 2J ), indicating that LHW-T5L1 induces ACL5 expression.
To further explore the relationship between ACL5 and LHW-T5L1, we generated an lhw acl5 double mutant and compared the phenotypes of lhw, acl5, and lhw acl5 plants. We observed a monarch vascular pattern in lhw acl5 and lhw roots and a diarch vascular pattern in wild-type and acl5 roots ( Figures 2K-2R ). The vein patterns of wild-type and acl5 cotyledons were similar, although xylem differentiation was more enhanced in acl5 than in the wild-type ( Figures 2S and 2T ). By contrast, the vein pattern and xylem thickness of the lhw acl5 double mutant were similar to those of the lhw single mutant, in which xylem differentiation was partially suppressed (Figures 2U and 2V ). Ectopic TE differentiation was induced by the addition of 2,4-D to acl5 cotyledons but was rarely induced in wild-type cotyledons, as previously reported (Figures S1G and S1H) [14] . In lhw acl5 cotyledons, ectopic TE differentiation was highly suppressed (Figure S1G-S1). These results indicate that lhw is epistatic to acl5 at the point of xylem differentiation. In addition, the lhw acl5 double mutants recovered the short inflorescence stem phenotype of the single acl5 mutant (Figures S1L-S1O ). Therefore, lhw widely suppresses the phenotype of acl5. These observations suggest that the LHW function is necessary for causing the acl5 phenotype. Thus, we expected that ACL5 would negatively regulate the functions of LHW-T5L1. ACL5 positively regulates the bHLH transcription factor SUPPRESSOR OF ACAULIS51 (SAC51) by increasing its translation [15] . Therefore, we expected that ACL5 might negatively regulate LHW-T5L1 through similar bHLH transcription factors to SAC51. The SAC51 family consists of four members, including SAC51, SACL1 (At5g09460), SACL2 (At5g50010), and SACL3 (At1g29950) [16] . Our previous microarray analysis indicated that SACL3 is induced by the simultaneous overexpression of LHW and T5L1 (Table S1 ) [3] . We used RNA gel blot analysis to confirm that LHW-T5L1 upregulates SACL3 transcript levels, as qRT-PCR of this gene was not successful under our conditions. We examined SACL3 expression levels in plants in which LHW and T5L1 were induced by estrogen. The level of SACL3 transcripts increased at 8 hr after the addition of estrogen, and their levels increased further until 24 hr after treatment ( Figure 3A ). By contrast, SACL3 transcript levels remained lower in lhw and tmo5 t5l1 roots than in wild-type roots ( Figure 3B ). We also examined LHW-T5L1-dependent expression of other SAC51 family members. qRT-PCR showed that overexpression of LHW-T5L1 caused a significant increase in SACL2 transcript levels at 4 hr after the addition of estrogen ( Figure S2C ), whereas SAC51 and SACL1 transcript levels tended to increase slightly after 24 hr of treatment ( Figures  S2A and S2B ). In lhw and tmo5 t5l1 roots, SACL1 and SACL2 transcript levels were significantly reduced, but SAC51 transcript levels were only slightly reduced ( Figure S2D ). Therefore, SACL2, as well as SACL3, might be regulated by LHW-T5L1. To confirm this notion, we produced constructs with 2 kb upstream sequences of SACL2 and SACL3 fused to the GUS gene (pSACL2:: GUS and pSACL3::GUS) and measured GUS activity in Nicotiana benthamiana leaves, in which pSACL2::GUS or pSACL3::GUS had been co-infiltrated with LHW-T5L1 as an effector. LHW-T5L1 induced GUS activity for both SACL2 and SACL3 (Figure S2E ), suggesting that SACL2 and SACL3 are downstream genes of LHW-T5L1.
The upstream sequence of SACL3 contains an upstream open reading frame (uORF), which is highly conserved among SAC51 family genes ( Figure S2F ) [6] . Thermospermine acts on this conserved uORF and promotes the translation of the main SAC51 ORF [15] . Elimination of the uORF increases the level of SAC51 protein [15] . We examined the effect of thermospermine on SACL3 and SACL2 production using pSACL3::GUS and pSACL2::GUS, each of which contains uORF. The GUS activities in plants harboring pSACL3::GUS and pSACL2::GUS were enhanced by the addition of thermospermine (Figures S2G-S2J) . Next, to eliminate its negative function of uORF, we generated a mutated SACL3 promoter with a stop codon in the uORF and designated it uORF-lacking-SACL3 promoter (pOL-SACL3). We then constructed pOL-SACL3::YFP-nls, with YFP containing a nuclear localization signal, as well as pSACL3::YFP-nls as a control, which we introduced into Arabidopsis. The signals from pSACL3::YFPnls were below detectable levels (Figure S2K ). However, even in the absence of thermospermine, pOL-SACL3::YFPnls signals were clearly and preferentially detected in protoxylem precursor cells, xylem pole pericycle cells, and columella cells ( Figures 3C, 3D , and S2L). This expression pattern was not affected by thermospermine ( Figures S2M and S2N) . These results suggest that SACL3 translation is activated by thermospermine through the suppression of its uORF. We also produced Arabidopsis plants that pOL-SACL3::SACL3 partially suppressed the acl5 phenotypes in terms of the arrest of inflorescence elongation ( Figure S2Q ). This result confirms the notion that SACL3 is epistatic to ACL5. Since SACL3 interacts with LHW, as previously determined by yeast twohybrid and immunoprecipitation-mass spectrometry analyses [1, 4] , we hypothesized that SACL3 inhibits the function of LHW-T5L1 through its interaction with LHW. To confirm the interaction between SACL3 and LHW, we first examined the localization of SACL3 and LHW in Nicotiana benthamiana. Whereas LHW-GFP was restricted to the nucleus, as expected ( Figure 3H ), SACL3-GFP signals were observed only in the cytoplasm ( Figure 3G ). Next, we performed bimolecular fluorescence complementation (BiFC) experiments between SACL3 and LHW. Strong BiFC signals between SACL3 and LHW were observed in the nucleus, whereas weak signals were detected in the cytoplasm (Figure 3I) , although BiFC signals from SACL3 homodimers were detected in the cytoplasm (Figure 3J) . No negative control signals were detected ( Figures  S2T and S2W) . These results suggest that SACL3 interacts with LHW and that SACL3 localizes to the nucleus in the presence of LHW. We also checked for interactions between LHW and SACL2, and between LHW and SAC51 by using BiFC. The signals between LHW and SACL2 and between LHW and SAC51 were observed in the nucleolus (Figures S2R, S2S , and S2U-S2W).
We next examined for an interaction between LHW and SACL3 by using co-immunoprecipitation analysis. LHW fused with a 33HA tag (LHW-3HA), SACL3 fused with a 33FLAG tag (SACL3-3FLAG), YFP, and T5L1-3FLAG were overexpressed in Nicotiana benthamiana in the combinations shown in Figure 3K , and then LHW-3HA was immunoprecipitated with an anti-HA antibody. We detected a SACL3-3FLAG band using an anti-FLAG antibody in the immunoprecipitated fraction overexpressing LHW-3HA and SACL3-3FLAG ( Figure 3K ). These results support the idea that SACL3 physically interacts with LHW in planta.
To further verify our hypothesis, we performed gain-of-function and loss-of-function analyses of SACL3. If SACL3 inhibits LHW-T5L1, plants overexpressing SACL3 should have similar phenotypes to those of lhw and tmo5 t5l1. As predicted, plants overexpressing SACL3 exhibited arrested xylem differentiation in their cotyledons, a reduced number of vascular cells in the RAM, and the monarch vascular pattern in the roots, all of which were observed in the lhw and tmo5 t5l1 mutants (Figures 3L-3S) . These results strongly suggest that SACL3 inhibits the functions of LHW-T5L1 in both vascular cell proliferation and xylem differentiation. On the other hand, a sacl3 loss-of-function mutant showed no clear phenotype ( Figures S2X and S2Y) , which may suggest the concomitant action of other SAC51 family member like SACL2.
We then investigated whether negative feedback regulation of LHW activity by ACL5/thermospermine and SACL proteins is required for normal plant development. We compared the initial positions of protoxylem vessels in the RAM, the size of the RAM, and the root growth between wild-type and acl5 plants. Compared to the wild-type, the distance between the quiescent center and the initial positions of protoxylem vessels was short in acl5, and its RAM size was also reduced ( Figures  S3A and S3B) . The root growth of acl5 was gradually slowed down after 7 days ( Figure S3C ). These results suggest that this negative feedback loop is involved in maintaining RAM size, although further analysis will be required to understand whether this negative feedback affects root growth directly or indirectly. In a previous study, we found that LHW-T5L1 induces LOG3 and LOG4, which in turn elevates cytokinin levels and induces vascular cell division. Therefore, we examined LOG3 and LOG4 transcripts levels in roots in terms of LHW-T5L1 activity in acl5 plants. The levels of LOG3 and LOG4 transcripts were low in lhw, as previously reported [3, 5] , whereas the levels of these transcripts were higher in acl5 than in the wild-type, confirming the enhanced function of LHW-T5L1 in acl5 (Figure 4I) . However, the expression levels of these genes were as low in lhw acl5 as they were in lhw ( Figure 4I ). These results clearly indicate that LHW is required for enhanced expression of LOG3 and LOG4 in acl5. To confirm the importance of negative feedback regulation by ACL5 in LHW-T5L1-dependent plant development, we overexpressed LHW and T5L1 simultaneously in wild-type and acl5 mutants. LHW-T5L1-overexpressing acl5 plants (LTox-acl5 plants) showed much more severe phenotypes than LHW-T5L1-overexpressing wild-type plants (LTox plants) (Figured 4A-4H) . Hypocotyls of LTox-acl5 plants were much thicker than those of LTox plants, and they turned dark green ( Figure 4E ). In LTox-acl5, seedling growth, particularly root growth, was highly inhibited. In LTox-acl5, organized cell layers were absent, and ectopic cell division and TE differentiation occurred throughout the plants ( Figures 4C, 4D , and 4F-4H). These phenotypes indicate that LHW-T5L1 promotes both xylem differentiation and cell division, and both of these functions are highly enhanced in the acl5 background. The dramatic defects observed in LTox-acl5 plants were recovered by the addition of thermospermine ( Figure 4A ). Together, these results suggest that the ACL5/thermospermine-SACL negative feedback loop is required for adequate LHW-T5L1 functioning.
We demonstrated that LHW-T5L1 induces xylem differentiation in addition to vascular cell proliferation. Although the lhw and tmo5 t5l1 mutants exhibited partially arrested xylem differentiation only in cotyledons, xylem differentiation in cotyledons and roots is highly suppressed in higher-order mutants such as lhw lhw-like1 (ll1) and tmo5 t5l1 t5l3 [1, 4, 17] . In particular, no xylem vessels are observed in roots of the tmo5 t5l1 t5l2 t5l3 quadruple mutant [4] . In addition, all LHW family genes are expressed in developing vascular cells in various organs [17] . These facts strongly suggest that combinations of LHW and TMO5 bHLH family members play redundant roles in regulating xylem differentiation.
Our detailed genetic and molecular biological analyses revealed that ACL5 and SACL3 are two downstream factors of LHW-T5L1 and that they suppress LHW-T5L1 function, that is, they form a negative feedback loop. Indeed, the loss-of-function mutant acl5 exhibits excess xylem differentiation in various organs [8] [9] [10] [11] [12] [13] , whereas we found that lhw suppresses acl5-induced excess xylem differentiation. This negative feedback loop begins with the induction of ACL5 and SACL3 expression by LHW-T5L1 ( Figure S4D ). Thermospermine synthesized by ACL5 increases the production of SACL3 at the translational level by suppressing the negative function of its uORF. SACL3 interacts with LHW to interfere with LHW-T5L1 function. SACL2 may also be involved in this negative feedback regulation because of its similar features with SACL3. Indeed, a sacl3 mutant had no phenotype. Although no loss-of-function transfer DNA (T-DNA) insertion mutant line of SACL2 was available, we should analyze the phenotype of sacl2 sacl3 and reveal the redundancy of SAC51 family members in the regulation of LHW-T5L1 function in future.
No SAC51 family member possesses the typical DNA binding domain found in bHLH [18] , which differs from TMO5/T5L1. Therefore, the binding of SACL3 to LHW may function in repressing the transcriptional activity of the LHW-TMO5/T5L1 heterodimer to shut down target gene expression. LHW-TMO5/T5L1 functions are closely involved in hormonal regulation. Auxin induces TMO5 and T5L1 expression through MONOPTEROS [19] . In addition, LHW-TMO5/T5L1 induces cytokinin production in xylem precursor cells and promotes periclinal cell divisions in vascular cells in the RAM [3, 5] . The expression of LOG3 and LOG4, key genes in cytokinin biosynthesis, increases in acl5 in an LHW-dependent manner. These facts suggest that the fine control of the output of LHW-T5L1 by the negative feedback loop may play a role in keeping proper levels of auxin and cytokinin activities.
The well-known negative feedback loop consisting of ''CLV3-CLV1-WUS'' controls the size of the shoot apical meristem [20] . In this study, we identified a novel negative feedback module, Whereas regulation by ''CLV3-CLV1-WUS'' occurs in a non-cell-autonomous fashion between stem cells and the organizing center, the ''[LHW-T5L1]-[ACL5-thermospermine]-SACL3'' negative feedback loop appears to function cell autonomously, because all components are expressed in xylem precursor cells. We previously reported that cytokinin induced by LHW-T5L1 in xylem precursor cells promotes vascular stem cell proliferation in a non-cell-autonomous manner in the RAM [3, 5] . During this process, LHW-T5L1 promotes the expression of AHP6, which inhibits cytokinin signaling to maintain xylem precursor cells in a non-dividing state [3, 21] . Thus, local and fine-tuned regulation of transcription factor-related events is required for maintaining the meristem and producing new specific cells. In the current study, we succeeded in elucidating a new regulatory mechanism underlying cell division and differentiation in the RAM. 
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